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ABST.RACT 
High purity alumina compacts were irradiated with a 
fast neutron dose flux of 8. s-x10 14 n· cm- 2 · sec- 1 or sx10 12 n· 
cm- 2 •· sec- 1 , respectively. Surface area, linear shrinkage, and 
compr~ssive strength of as-pressed and irradiated compacts 
were measured. 
For the first time it was demonstrated that neutron 
i.rradiation may be deliberately exploi~ed to sinter alumina 
powder at very low temperatures (below 150 °C). For 
example, fast neutron irradiation at 8. 5xl0 14 n· cm- 2 · sec- 1 
dose flux for 2 to 4 hrs at ambient temperature caused -1% 
shrinkag~ in the alumina compact, ~hereas the same level of 
shrinkage in the compact could be obtained on_1y by heating 
at 1050°C for 3 hrs. Electron microscopy revealed that the 
shrinkage in alumina compact resulted from the formation. of 
necks in the compact, which is an .ind.ication of the initial 
stage of sinter in g . In comparison, i r radiation at 5 x Io 12 
n · cm- 2 · sec- 1 fast dose f 1 ux for 14 O hr.s resulted in the 
exp·ansion of the compact, caused by the "loosening" of as-
pressed particles. It ~ppears that f~st neutron dose flux 
rather than the total fast ne~tron dose plays the majot 
role in radiation~induced sintering of ceramics. 
Radiation-enhanced diffusion . lS suggested as a 
mechanism of radiation-induced sintering. Calculations show 
the observed sintering to occur due to an enhancement of 
aluminum diffusion by almost forty orders of magnitude at 
150 °C. 
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1. INTRODUCTION 
The effect of neutron radiation on the structure and 
properties of ceramics has been of interest for a long 
time. As more nuclear reactors were being put into 
operation in the 1950·'s, investigators b~gan studying the 
effects of neutron flux on the structure and properties of 
fissionabl~ materials and shielding ceramics. 
A number of workers have reported interparticle 
welding or sintering in irradiated materials containing a 
f"issionable isotope (U-235 or B-10), but the results were 
never analyzed systematically [1-4]. 
Hoyt and ·z i.mmerman [ 5 J investigated the effects of 
reactor radiation on elemental boron and some binary 
borides .. During the post-irradiation examinations of the 
borides it was discovered that the sample which had been 
irradiated as powder had sint~red into firmly ·bonded 
bodies. Thi.s radiation sintering occurred at temperatures 
hundreds of degrees below that required to produce similar 
interparticle bonding by the application of heat alone. 
Some specific character ist.ics, e.g. inter-grain bonding, 
rounding of grain corners, trans-granular microcrack and 
"·necking'' were als-o discovered in subsequent metallographi.c 
examinations. In order to explain the observed phenomena, 
they introduted several mechanisms which were proposed .by 
other investigators. Aitken [6] has discussed the manner in 
which radiation might influence the four modes of sintering 
as follow$: 
1. "Radiation can. enhance diffusion rates by producing 
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an increased concentration of vacancy-interstitial pairs 
and enhancing migration to suitable sinks by displacement." 
2. "Radiation can alter th~ number and location of 
sinks for vacancies to migrate."' 
3. "Through recoil processes radiation can cause atoms 
to vaporize and recondense." 
4. "Radiation can cause enhanced surface mobility." 
In addition, in the special case of fissionable materials~ 
the internal production of a fission product species such 
as lithium, strontium, or barium might act as a liquid 
phase additive which can als.o enhance sintering. Also, 
Vineyard [7] (working with computer calculations) has 
l.i.nked the agitation in ·the wake of an energetic knock-on 
to the production of locally high temperatures. This kind 
of a thermal spike could conceivably produce enough 
material transport to affe~t or enhance localized welding 
of adjacent particles. Eventually, Hoyt and Zimmerman 
pointed out that no single mechanism can explain fission 
sintering due to sparse ~xperimental data, and recommended 
.that . in order to . gain a clearer understanding of the 
process of fission sinter.:j.ng, ·controlled irradiation 
experiments need to be conducted. 
By taking into account mechani~al interaction between 
fuel and cladding by the fission product swelling of the 
fuel in the reactor, many investigators paid attention to 
accurate know1edge about the irradiation-induced cree·p 
behavior of the fuel. Brucklacher and Dienst [8] studied 
the creep behavior of ceramic nuclear fuels under neutron 
irradiation. The experiments proved that the in-pile creep 
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rates of U02 were independent of temperature (250-850 °C), 
and approximately proportional to the fission rate. 
Irradiation behavior of fission-gas and sintering· 
pores in U02 is also of inte.resting concern. Electron 
microscopy h~s been used to examine the stability towards 
irradiat.ion of fission-gas bubbles and sinterin~ pores in 
U02 T 9-11 J • Ross [ 9 J pointed out that the removal of 
porosity is accompanied by extensive cracking mainly at 
grain boundaries due to relieving intergranular stresses 
developed during irradiation. He proposed that the result 
can be explained by the irrad.iation-induced s_orption of -gas 
atoms from the gas-filled porosity, possibly by a process 
involving their re-entry into the U02 lattice due to 
kinet~c excitation by energetic fission fragments. Other 
investigations [10-11] showed that fission gas bubbles and 
sintering pores can be removed by short irradiation· - 10 24-
10.25 fissions/m3 at low temperature, a-round 200 °C. 
Fuel densification became the subject of considerable 
interest 1n 1972 when fuel rod cladding collapse was 
observed in several nuclear reactors [12]. As a result, a 
number of stud.ies were initiated to investigate the 
densification phenomenon and to evaluate its effect on ftiel 
performance. By using irradiation-induced diffusion as a 
material transport mechanism, Marlowe [13] modified models 
for densification controlled b y volume diffusion, and 
determined the irradiation-induced diffusivity in uo2 • A 
neutron radiation enhancement of diffusivity by a factor of 
10 20 in U02 at the temperature around 200 °C was ob~erved~ 
The model and measured diffusivity were then applied to 
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predict the kinetics of the densification behavior of U02 bas~d on typical grain growth and· densification rates. As 
mentioned earlier, irradiation annihilation of small pores 
was ·repotted in sintered uo2 • In order to provide 
supportive data n~sded to design and produce sintered U02 pellet fuel that is stable during irradiation, Frehley et 
al. (14] investigated irradi~tion-induced densification 
behavior of uo2 pellet fuel and related densification 
behavior to pellet characteristics and irradiation 
condition. The study focused on densification phenomena 
assbciated with the lo~ temperature annihilation of 
porosity as a result of irradiation-induced si.ntering and 
not thermal sinter~ng or hot-pressing due to fuel cladding 
interaction. The results showed that sintered U02 pellets 
with specific ranges of microstructural characteristics 
we.re stable with r_espect to densifica"t:ion. The largest in-
reactor density change occurred for those fuel types having 
a combination of the smallest pore size, the largest 
p.ercent of porosity < lµm diam, the smallest grain size and 
th~ lowest initial density. The results also show~d that 
densification was dependent upon fission rate, fuel 
temperature, arid burnUp. However, atomistic mechanism was 
not fully understood. 
Several other studies have focused on neutron damage 
in alu~ina ~hich is perhaps the most importaht ceramic. The 
damage produced in alumina by neutron irradiation has been 
investigated by transmission electron microscopy_, lattice parameters, and electron . spin resonance. 
Hickman and Walker [15] studied the experimental 
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param~ters feasible for examining neutron-induced damage by 
transmission electron microscopy. The r~sults showed that 
by using an acceleratihg voltage of 80 ~V and low beam 
currents for a short time, damage could be obse·rved in 
irradiated materi~ls that was not present in unirradiated 
flakes and was, therefore, attributed to neutron 
irradiation. Wilks et al. [16] observed that damage existed 
in the form of defect cl.usters, dislocation loops, 
dislocation tangles, stacking faults and cavi ti.es in o:--Al 20 3 
single crystals. In the experiment samples were previously 
irradiated to. various doses in the range 5xlo 19 to 5xlo20 nvt 
()lMeV) at. 150 °C, 650 °C, and 1000 °C. The results showed 
that majority of the loops in crystals irradiated -at iso 6 C 
and subsequently annealed at 1500 °Clay on {1010} planes 
and that most of the loops in crystals irradiated at 650 °C 
lay on {1010} and {0111} planes. From the integrated volume 
of cavities per unit volume of crystal, the concentration 
of vacancies that were contained in the cavities was 
estimated to lie 1n the range 2x10 19 to 2x10 20 cm- 3 • Barber 
and Tighe [17] also studied neutron damage in single 
crystal aluminum oxide by transmission electron microscopy. 
Samples were irradiated with fast neutrons to a dose of 
l.8xl02ff nvt. The experiments showed that as-irradiated 
crystal contained damage on fine scale, revealed by 
diffr~ction contrast, and showed a 28 % increase in Knoop 
diamond hardness compared with unirradiated materials. 
However, annealihg at 600 °C or 1000 °C after irradiation 
caused the small defect. cluster~ to grow to form 
dislocation loops, and the loops to interact to . give 
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dislocation· segments, respectively. ~urther annealing at 
high temperature caused: isolated pl a tel ike _precipitations, 
and grown-in dislocations to climb. But the results also 
showed that some dislocations were pinned by impurities. 
Lattice parameters from X-ray diffraction experiment 
on post-irradiation samples have been determined by ;Higgins 
[_18] ~ Hickman and Walker [15,19] and stevanovic and Elston 
[20]. All the results s'Ummarized by Wilks [16] showed 
lattice parameter expansion. Note that all s~mples were 
irradiated to the dose level of 1020 nvt ( > 1 M.eV) . For 
' given dose, the ' expansion decreased with ' .. 1ncreas1ng 
irradiation te~perature. The parameter expansion appears to 
be approaching saturation at a dose of 5x10 20 nvt. 
Thorne and Howard [22] have reported theoretical 
volume changes, Vx, that were obtained from measured 
lattice parameter changes using the relationship: 
Vx = 2 x % change in a lattice parameter+% change in 
c lattice parameter. 
Their results showed that for a comparable dose, ' lS 
smaller for irradiation at 475 °C than irradiation at 250 
"C. 
The recovery of the lattice parameters on subseq~ent 
annealing of materials irradiated at lOb °C has been 
studied by Hickman and Walker [15,19] and Stevanovic and 
Elston [20]. Hickman and Walker found· that the recovery was 
ind e pendent of the dose in the range 5 x 1019 to 5 x 1 o 20 n vt , 
and. occurred steadily ·frdm 400 °C and was complet~d at 1400 
a C. 
Gamble et al. [23] have investigated the irradiation-
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induced defects in alumina by electron spin resonance. They 
reported that irradiation to a dose of 10 16 fast neutron/.cm2 
at~ 70 °C gave rise to two ESR spectra. One cif them was 
not identified but they attributed the other to an (Al0) 3-
molecular ion occupying a pair of adjacent anion sites and 
suggested that it was formed by a replacement collision. 
When the neutron-irradiated materials were subsequently 
subjected to y-ray irradiation at liquid~nitrogen 
temperature an additional three-1 ine spectrum appeared 
which was attributed to an interstitial o+ ion. They 
postulated that interstitial neutron oxygen atoms were 
formed by the neutron irradiation and on subsequent y-ray 
irradiation were converted into o+ ions by ionization or 
hole trapping. Theoretical computation by Bartra~ et al. 
[24) verified the assignment of the three-line spectrum to 
interstitial o+ and ~lso explained the absence of an ESR 
spectrum due to the neutral interstitial oxygen atom in the 
neutron-irradiation material before it was y~r~y 
irradiated. 
Neutron irradiation can cause macroscopic growth, 
microcracking, changes ' 1n tnermal conductivity, and 
me~hanical properties in alumina, depending on experimental 
conditions such as temperature and neutron dose. The 
irradiation-induced gro~th of polycrystalline alumtna has 
been determined by density measurements (Hickman and Walker 
[19], Stevanovic and Elston [20]), and the measurements of 
linear dimensions (Thorne and Howard [22], and Stevanovid 
and Elston [20]). Irradiation-induced chang~s in the 
density and in the lin~ar dimensions of single crystals 
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have also been measured by Hickman and Walcker (19], and by Desport and Smith 
respectively. All 
[ 2 5] , 
results 
and Wilks et al. [ 2 6] , 
for both single or polycrystalline alumina irradiated at::::; 80 °C showed that 
the density decreased with the increase of neutron flux at 
the level of 1020 nvt ( ~l MeV) . Thorne and 11oward found that 
the irradiation-induced expansions were practically the 
same for cold-pressed and sintered (8% porosity), extru~ed (31% porosity), and sl.ip-ca:st (25% poros-ity) materials. The results of Wilks et al. fat single crystals showed that 
the growths, which increased with dose at the level· of 10 20 
nvt (~ lMev), were slightl.y anisot~opic for irradiations· at 150 °C and highly anisotropic for irradiations at 650 ~c. 
There were some arguments about irradiation-induced 
microc.racking. No irradiation-induced microcracking was 
observed by optical microscopy in polycrystalline alumina irradiated at :::::: 80 °C to dose in trie rang_e sx10 19 to 5x10 20 
nvt (Stevanovic and Elston [20], Hickman a:hd Walker [15]). However, Higgins [18] claimed that microcracking was 
visible by X-ray microscopy in alumina of 50 µm grain size 
and 7.5% porosity but was not visible in single c~ystal and 
material of 37 . size and O. 5% porosity after irradiation at 150 ° C to· dose of J .2x10 19 and l .Jx10 20 nvt, 
res pee ti vely. He concl·uded that microcracking was dependent 
upon a high porosi~y and that cracks nucleated at pores 
within grains. 
Thorne and Howard [22] reported that no visual 
cracking was present in polycrystalline specimens of 5% to 30% porosity irradiated ·to doses up to 1.1x1020 nvt at 250 
9 
~C and 450 °C. However, both extruded (31% porosity) and 
slip-cast (25% porosity) alumina samples disintegrated 
after doses less than 4xlo 20 nvt at 700 °C. On the other 
hand, sintered material (8·% porosity) irradiated to a dose 
of 5.6xlo20 nvt at 700 °C showed no visible evidence of 
cracking but further irradiation to a dose of 1021 nvt 
induc~d cracking. They ·suggested that the visible cracking 
were caused by irradiation effects or thermal effects or 
both. 
The thermal conductivity of irradiated polycrystalline 
alumina has been determined by Stevanovic and tlston [20], 
Thorne and Howard [.22 J , Berman et al. [ 27 J , and Martin 
[28]. Stevanovic and Elston fo~nd that i·rradiation to 10 20 
nvt at 70 °C reduced the thermal conductivity measur~d at 
300 ''C by 25%. But a subsequent anneal at 1000 °C for 24 
hrs restored it to its pre-irradiation value. They also 
pointed out that the reduction in thermal ·conductivity 
increased with decreasing irradiati6n temperature. 
Changes of mechanical properties of poly- or single 
crystal alumina due to neutron irradiation are also an 
important concern for many investigators. Hickman and 
Wa 1 ker [ 15 J have carried out diametrical compre·ssion tests 
on polycrystalline alumina. The number of specimens tested 
was too small to give a definite concl~sion, but the 
results suggested that the fracture strength was increased. 
by irradiation to doses in the range 1020 to 5x10 20 nvt at 
~ 100 °C. Young's modulus of polycrystalline alumina was 
determined by Stevanovic and Elston [20] and Thorne and 
Howard [22]. It is reduced by 3% by irradiation to a dose 
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of l.5x10 20 nvt at~ 70 °C [20] and by 5-10% by irradiation 
to doses in the range 1020 to 10 21 nvt at 250, 450 and 700 
°C [22]. Stevanovic and Elston also found that the 
microhardness of single cr~stals was increased by 17% by 
irradiation to 1.2.x1020 nvt at~ 70 °C. 
In spite of the large number of irradiation studies on 
alumina, few have explored the radiation effect on its 
sintering. There is one indirect inditation of sintering of· 
alumina dust during neutron radiation but without any 
quantitative result [29]. Damask [ 29 J reported that 
aluminum metal powder filled in an aluminum can was 
sintered into a solid when irradiated for one week at a 
neutron dose of 6Xl0 17 nvt ( fast) . It was suggested that 
sintering processes did not occur in the aluminum metal 
itself but. rather in the oxide coating on the surface of 
each particle; no attempt was made to verify this 
conjecture or to study the sintering of alumina. 
Furthermore, sintering of the aluminum powder was not 
quantifietj in these experiments. Nevertheless, it became 
appa-rent tl)at it may be possible to sinter alumina powder 
in a high flux reactor. It was therefore decided to 
investigate the sintering process of alumina as promoted by 
neutron irradiation. Our experiments were conducted by 
irradiating alumina compacts, green and partially sintered, 
in the neutron reactors at Brookhaven Natio~al Laboratory 
and at the University of Missouri, respectively. To 
quantify sintering, spe~ific surface area and compressive 
strength ~ere measured. In order to verify the existence of 
radiation induced sintering in the gre~n samples or loose 
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powdett sample microstructure was observed using scanning 
electron m:icroscopy and transmission electron microscopy. 
Also the linear shrinkage of powder compacts was measured 
as a function of radiation dose and annealing temperature. 
2. EXPERIMENTAL PROCEDURE 
2.1 Sample preparation 
High-purity alumina powder of 0.2 to 0.4 µm average 
particle size was used. The characteristics of the powder 
are given irr Table I. The purity of alumina powder 
( 99. 995%) was sufficient to assume negligible effect of 
impurities on initial st~ge sintering, and to permit its 
handling without special care for radioactivity-a few weeks 
after irradiation. The powder was tirst pressed into 
pellets 14 mm ~n diameter and 2 mm in thickness, using an 
alumina die, at 85 MPa and then isostatically pressed at 
345 MPa. The pellets were then divided into three~groups 
for subsequent treatments. The first group did not receive 
any heat treatment and remained in green state. The second 
group was isothermally annealed at temperature 700°C or 
ll00°C for 3 hrs, respectively. Pellets in tbe third group 
were also annealed between 7·00°C and ll00°C for 3 hrs, but 
were kept as reference. The pellets in the first and second 
groups were then surrounded by loose alumina powder and 
sealed in fused silica tubes which wer~ back filled with 
helium for efficient dissipation of heat created by 
irradiation. A pure aluminum wire was also sealed in one of 
the tubes to determine if temperature during irradiation 
exceeded over 660°C (i.e. -them. p. bf Al). 
Capsules containing the first group samples, which are 
labeled B-batch {B denoting Brookhaven), were then 
irradiated at two levels of dose at the High Flux Beam 
13 
Reactor of Brookhaven National Laboratory, while the second 
group, labeled M~batch ·(M denoting Missouri)·, were treated 
at the reactor of the University of Missouri. Irradiation 
conditions at the two reactors are summarized in Table I.I. 
To establish an upper limit for the temperature in·the tube 
during irradiation in our experiment the aluminum . wire 
enc-losed in th.e tube was examined. It showed no evidence of 
melting, thus indicating that the temperature must have 
remained below 660 °C. In fact, the temperature 9f the 
cooling water around the irtadiation tube was 55°C. In view 
of the cooling .condition and the dimension of the silica 
tube, the temperature of the alumina samples was expected 
to re~ain below 150°C {30]. Capsules had become radioactive 
after "irradiation, and were therefore left to "cool down" 
for several weeks at room temperature befo~e an attempt was 
made to characterize their sintering. Table !II shows th€ir 
radioactivity as a function of "cooling" time. 
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Table I 
The characteristics of high purity alumina powder+ 
Properties Value 
Crystal form Alpha-Al203 
Purity 99.995 ~ 0 
Meqn particle . 0.45 size µm 
Particle . distribution < lµm 97 ~ size 0 
B.E.T specific surface area 5.4 m2/g 
Impurity Analysis 
Si 7ppm 
Na Jpmm 
Mg 2ppm 
Cu <lppm 
Fe 7ppm 
+ Powder and its ana~ysis were supplied by Sumitomo Chemical Company, Limited. 
Ta·ble II 
The characteristics of neutron irradiation 
Sam2le Dose Flux Exposure Dose (n· cm- 2· sec-l) Time hrs (nvt) 
Fast Thermal Fast T·hermal 
·( > 0.11 (>0.11 
MeV) MeV) 
B- 8.5Xl0 14 2X10 14 ·2 6. lxlo 18 1.4Xl0 18 ba.tch 
I 
B- 8. 5Xl0 14 2X10 14 4 1.2.x10 19 2. 9 x 10 lB batch 
II 
M~ 5.O·.x10 12 8.Jxlo 13 140 2.5Xl0 18 4. ox10 19 batch 
15 
Table III 
summary of radiation dacay 
"Cooling Activity Dose Rate (mr/hr) Time" 
(Weeks) (Ci/gm) (GBq/gm) On tube 1 meter 
surface away 
2 l.83Xl0- 4 6.77Xl0- 3 18-25 1-2 
4 l.54X10- 6 5. 69Xl0-S 0.1-0.25 'O. 03 
2.2 Measurements of sintering parameters 
To investigate the evidence of radiation induced 
sintering in alumina compacts, the surface area, linear 
shrinkage, and the compressive strength of t~e samples were 
measured at room temperature before and after irradiation. 
This set of parameters was also determined after 
_successively annealing the samples £or 3 hrs at increasing 
temperatures be.rare and after irradiation. The surface area 
was measured by the single-point B. E. T. method, using· a 
continuous flow of 25 % n_itrogen in helium, by means of 
Micromeritics Model Flowsorb II 2300. It showed a 
reproducibility of better than l %. Linear shrinkage was 
measured by means of Optical Comparator Model TC-14 made 
by Jones & Lamson Cd. Compressive strength of pellets was 
tjetermined by means of the Instron Model 1350. The results 
showed a scatter of 10 ~ 0 • 
2.3 X-ray diffraction and electron microscopy studies 
As mentioned earlier in the Introduction the lattice 
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p~rameters of single crystal a·lumina expand durin9 neutron irradiation. To monitor any possible change of lattice para~eter of the alumina powder as a result of irradiation, 
selected d spacings of alumina were determined through Bragg's equation 2dsin8 ~ l in the powder sample before and 
after irradiation. The measurements were condticted using X-ray diffractometer (EHTLIPS XRG 3100 X-ray Generator and AXS Automated X-ray Wavele~gth Spectrometer). In the 
experiment, alumina powder was mixed with _pure silicq powder standard in a 10:1 ratio in order to correct for any 
systematic error from the instrument or the operator. 
Electron micrographs of powder samples and fracture 
sections of pellets were taken before and after irradiation to find possible evidence of radiation induced sint_ering. To eliminate the agglomeration of alumina powder, Tanol 
aqueous dispersant was added into the water suspension of 
un-irradiated and irradiated alumina powders. The 
~uspens1on was ultrasonically shaken for approximately ten 
minutes using an ultrasonic cleaner prior to preparing the powder sample. The solution of nitrocellulose in acetone 
was also used to make. microscope specimens of the powder 
sample. As the solution dries, agglomerated powder can be 
separated due to the contraction of the organic matrix. The porous matrix of dried nitrocellulose is shown in Fig. l(c). Scanning electron micrographs were taken by ETEC and HITACHI 800 microscopes. TEM micrographs of powder samples 
were taken by a .PHILIPS 300 microscope. 
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3. RESULTS AND DISCUSSIONS 
The micrographs showing the evidenc~ of the formation 
of necks due to neutron irradiation at ambient temperature 
are described in subsection .3.1.1. The data for specific 
surface area, lattice parameter (d spacing), linear 
shrinkage and compressive strength are given and discussed 
in subsections 3 . 1 . 2 , 3 . 1 . 3 , 3 . 1 . 4 and 3 . ~ . 5 , respect .;i. v e 1 y . 
The mechanisms of raqiation-induced sintering are discussed 
in subsection 3 .1. 4. The data for M-batch samples are .given 
and discussed in section 3.2. 
It should be noted that the values of surface area 
(S), shrinkage, and compressive strength were obtained from 
the ·average o.f two sets of B-batch s 9mples. with a scatter 
of 3 % to 10 %. 
3.1. B-batch sampl~s 
3.1.1 Micrographs 
Some of the images Qf powders and fracture surfaces 
under d·ifferent states (partially sintered, as-irradiated 
etc.) are shown in Fig. 1. Fig.I (a) shows SEM micrograph 
of fracture surface of an alumina compact sintered at 1050 
~C for 3 hrs. Fig .. l (b) shows SEM micrograph of fracture 
surface of an alumina compact (B-batch) irradiated at fa.st 
do~e flux 8.5xl0 14 n.cm- 2 .sec- 1 for 4 hrs. Figs.I (c)-·(d) and 
( e) show SEM and TEM micrographs, respectively, of loose 
alumina powder (B-batch) under the same treatments as those 
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stated in Fig.l (b). Although it is difficult to assess the 
extent of sintering from these micrographs, the pictures 
clearly show that necks have started forming between the 
particles at several sites of the sample as a result of 
irradiation. The similarity of the morphology between Fig. 
l(a) and Fig. l(b) points out that the neutron irradiation 
on B-batch samples caused the initial stages of sintering 
to a level which may be comparable to that obtained upon 
heating a green compact to 1000 °c to ll00 °C for 3 hrs. 
J 
Fig.l (a). SEM micrograph of fracture surface of an alumina 
compact sintered at 1050 °C for 3 hrs. (b). SEM micrograph 
of fracture surface of an alumina compact ( B-batch ) 
irradiated at fast dose flux 8. sx10 14 n· cm- 2· sec- 1 for 4 hrs. 
Arrows indicate the necks. 
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Fig.l (c). SEM micrograph of loose alumina powder (B-batch) irradiated at fast dose flux 8. sx10 14 n · cm- 2· sec- 1 for 4 hrs. 
The porous matrix of nitrocellulose is shown in the background. ( d) . SEM micrograph of same particles as in (c), but at higher magnification 150,000 x. Arrows indicate a neck. 
o.1pm 
-
Fig. 1 (e). TEM micrograph of loose alumina powder (B-batch) irradiated at fast dose flux 8. sx10 14 n· cm-2 · sec -1 for 4 hrs. Arrow indicates the neck. 
3 .1.2. Specific s urface area 
The specific surface areas ( S) of both B-batch and 
as-pressed samples are shown 1n Fig. 2 as a function of 
annealing temperature. The vertical scale has been 
normalized to the specific surface area (So ) of un-
irradia ted as-pressed sample before annealing. Thus the 
reduction of S/S0 , at least larger than 1 %, would be an 
indication of the beginning of sintering of the powder. The 
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values of S -0f two B-batch samples irradiated for 2 and 4 
hrs respectively, show only a difference of approximately 
3 %. The figure shows that neutron irradiation has caused 
a considerable decrease in S without any intentional 
heating of the samples. The reduction in surface area of 
I 
' irradiated .samples remains at almost the same level during 
post irradiation heating up to 1100°c. In . comparison, 
o~servable red~ction in S tor un-irradiated sample could be 
found upon heating above 55D°C; s. decreases continuously 
with fur~her increase of temperature. Note that normalized 
specific surface areas for irradiated and un-irradiated 
samples are almost equal at .about 1100 ° C. This s:uggests 
that neutron irradiation at ambient temperature caused 
sintering equivalent to an un-irradiated compact at 
approximately ll0.0°C for 3 hrs. As mentioned earlier Fig. 
1 (a) and (b) show the formation of the necks and the 
simi.larity of morphology for two samples. One was sintered 
at 1050 °C for 3 hrs. The other was irradiated at fast dose 
flux 8. sx10 14· n. cm- 2 • sec- 1 for 4 hrs. It is clear from these 
observations that the reduction in S of both the samples, 
irradiated and un-irradiated, resulted from th~ formation 
of necks, an ·indication o-f tni tial stage sintering of 
powder. It can ·be concluded therefore, that the effect of 
neutron irradiation. leading to sintering of alumina 
compacts occurs during- irradiation rather than during 
heating after irradiation. This conclusion ·, is further 
proved by X-ray powder diffraction t~st as discussed in the 
next subsection. 
22 
0 
en 
--en 
1.1 ---------------------------------------------------------. 
0 unirradiated 
X irradiated 
1.0 
s = 5.23 2 m lg 
0 
0 
0 
0.9 0 
0 
0.8 
X X X X 
0.7 //--------------.---1 
<150 700 800 900 1000 1100 1200 
0 
Temperature C 
Fig. 2. Variation of specific surface area of as-pressed and neutron 
·-·irradiated alumina (B-batch) samples as a function of 
annealing temperature 
23 
3.1.3 X-ray powder diffraction 
Table IV show~ the data of d spacing for (324) planes 
of alumina powder from four samples. Powder B was 
i r radiated at fast dose f 1 ux 8 . 5 x 1 o 14 n . cm -2 • sec -1 for 4 hrs . 
Powder M was irradiated at fast dose flux· 5Xl0 12 n. cm- 2 • sec- 1 
for 140 hrs. Green powder was not subjected to any 
treatment. Standard datum is taken from Nat. Bur. Standards 
(U. s.) Circ. 539 9 (1959) . CuKn 1 wa.s used as the source of 
X-ray ( 1. =l. 5405 A ) 
Table IV 
The data of a selected d spacing of alumina powder 
Sam12les d324 {A} 
Standard 0.9076 
Green powder 0.9078±0.0002 
Powder B 0.9077±0.0002 
Powder M 0.9078±0.0002 
There is no change of d324 spacing· with respect to 
standard datum within the experimental error -which is 4x10- 4 
A. In comparison the lattice expansion at the dose level of 
1020 nvt (~lMeV), as summarized by Wilks [21], ranges from 
0.1 to 0.4x10- 2 • This .shows that there was no remarkable 
change ind spacing due to the defects created by neutron 
irradiation in our alumina powder~ It is noted that there 
2-4 
are two processes during irradiation, namely, the creation 
and the annihilation of defects [ 31 J • These ., opposing 
processes result in a steaq.y-st.ate concentration of def.ects 
in excess of the thermodynamic concentration characteristic 
of the temperature . in question . The steady-state 
concentration can be evaluated according to different 
annealing models. Unfortunately, due to experimental 
1 imitations and rather sparse data, the kinetics of the 
annealing of defects created by neutron .irradiation can not 
be evaluated. Nonetheless, it . is still clear that the 
steady-state concentration of defects during irradi_ation 
was much larger than the thermodynamic concentration, but 
once irrad_iated samples were cooled down for a few weeks at 
room temperature, the concentration of defects in sample 
did achieve a level close to equilibrium by annihilation at 
room temperature. This is concluded because no significant 
promoting effect of neutron irradiation on sintering was 
observed on sub$equent heating. 
3.1.4 Linear shrinkage 
Linear shrinkage was measured on irradiated and 
as--pressed unirradiated samples. The data show that neutron 
irradiation caused -1 % shrinkage in diameter for B-batch 
samples,. which ' lS comparable with that obtained upon 
heating an unirradiated sample to 1050°C for 3 hrs. 
Shrinkage is a major parameter which can be related to 
other microparameters such as th~ diffusion coefficierit, 
depending on which diffusion mechanism is predominant in 
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the sintering process. The mechanisms of 
irradiation induced sintering of nonmetals has 
neutron 
been 
qualitatively explored by Damask [29]. Four possibilities 
are suggested: (1) fusion at points of contact between 
p~rticles due to the spike of primary knock-on at those 
points; ( 2) bonding at points of contact due to the 
cleansing of the surface which may occu~ in a radiation 
fi.eld; (3) radiation-enhahced diffusion; and (4) w~lding of 
the surface due to th~ arrival of either channeled atoms or 
ej~cted surface atoms from focusing collisions. From the 
estimated average radius of spike formed . 1n copper or 
s i l ic a Damask p o·i nte d out that the dose of 6 x 1 o 17 n v t ( fast) 
can create about 4xlo 16 primary knock-ans which if each 
disturbs 103 atoms, will weld only about 1 % of the 
touching surfaces of . grains. Sufficient sintering of 
surfaces was therefore not expected through the spike 
process. He also indicated that simple bonc1ing due to 
cleansing 1n rad.iation field was not believed to occur 
because the different material~ mentioned have an apparent 
bonding threshold of almost two orders of magnitude apart. 
Based on above analysis it is unl.ike1y that as high as 
about 1 % linear shrinkage of irradiated alumina compact 
was caused by spike or surface cleansing processes. Most 
likely, the mechanism of neutron irradiation sintering .is 
the radiation enhanced diffusion, which has been shown to 
occur in metals, and explained as arising from vacancies in 
excess of the thermal concentration [ 32 J. This mechanism 
was consideted important in the studies of the ra~iation 
sintering of fissionable materials, such as uo2 [13,33]. 
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Therefore, it is reasonable for us to explore if radiation 
enhanced diffusion is also a major mechanism .responsible 
for the radiation induced shrinkage in B~batc~ samples at 
about 150°C. 
It is widely accepted that oxygen dJffuses rapidly 
along the grain boundaries in alumina, and the slower 
moving aluminum ion at boundary or in the bulk controls the 
overall sintering rate [34]. However, in the analysis of 
the initial stage sintering identification of the 
mass-transport processes is difficult and involves a number 
of assumptions. Here, shrinkages provide an important check 
on the mechanism o.f initial. stage sintering. As suggested 
by Johnson [JS·], the c.ontribution of surface diffusion to 
neck growth can be estimated, but it becomes negligible as 
shrinkage occurs. Thus the problem remains· to identify 
whether the boundary or the bulk diffusion is predominant 
in initial stage sintering. The shrinkage equations were 
developed by .Johnson and Cutler [ 3 6 J and modified by 
Johnson ahd Clarke [37], and by Johnsori [38]. If surface 
diffusion can be ~eglected, the shrinkage of a compact of 
uniform spheres can be approximated by the expressions as 
follows [39]. 
In the case of volume diffusion predominance 
Y=( 5.34·y·w·Dv)o.49Lo.:i9 
K·T·r 3 
!nth~ case of grain boundary diffusion pr~dominance 
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( 1) 
Y= ( 2 . 14 ·y ·w ·b·D g) o. 33 to. 33 
K·T·r 3 
where Y - ~L/L0 = fractiona-1 shrinkage. 
y - surface tension. 
Dv = volume self-diffusion coeffiQient. 
(2) 
b = effective width of region of enhanced diffusion 
at the grain boundary. 
o
9 = grain-boundary self-diffusion coefficient. 
r = particle radius. 
w = atomic volume. 
k - the Boltzmann constant. 
T - temperature (K). 
t - sintering time in ~econds. 
As described latet, in the calculation of diffusion 
enhancement due to i rrad.iat ion, the resultant values of 
<;lif.fus·ivity enhancement ar~ almost within the same order of 
magnitude· no matter which . expression, ( 1) or ( 2) ' ' lS 
adbpted, because there is only a small difference in the 
exponent of time, O. 3 3 or O. 4.9, in shrinkage expressions. 
Extensive studies of conductivity and defect chemistry 
of a1umina have been conducted on single crystal and 
poly-crystalline alumina. the electiical conductivity 
measurements of Brook et al.· [ 4 OJ show that aluminum 
Frenkel defects are predominant in corundum. The creep 
studies on Fe- and Ti- doped Al 203 by Hollenberg and Gordon 
[41] and the sintering studies by Rao and Cutler [42] also 
arrive at the same conclusion. El-Aiat et al. [43] stated 
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that the absolute values of self-diffusion coefficients 
calculated from conductivity and creep indicat~ that both 
effects are limited by the migration of Al 1 involving Al 3+ 
if the material is acceptor-dominated. 
Table I shows significant concentrations of Si, Na, 
Mgi and Fe in high.purity alumina. Considering the presence 
of a glass phase at .grain boundaries in sintered Al 20 3 , .even 
in very high purity alumina, the most incorporation of Si 
is in the glassy ph~se during sintering in air rather than 
as a dopant in the bulk of Al 20 3 .• Concerning the two 
possible valence states of Fe in Al20 3 , Rao and Cutler [42] 
studied the oxygen partial pressure dependence of the 
isothermal sintering rate of Fe-doped Al 2o3 • The results 
indicate the presence of 2+ Fe rather than Fe3+ in the 
corundum phase. For Na, Nai+ is the most iikely defect in 
Al 20 3 • There·f ore, the prope.rties of the high purity alumina. 
are dominated by acceptor defects, with Fe and Mg the 
probable acceptor impurities present at a con~entration of 
3 x 1 O 17 cm -3 • In view of the above analysis it can be stressed 
that the migration of Al involving Al 3+ in high purity 
alum-ina, at the boundaries or in the bulk, controls the 
overall sintering rate. 
The self-di.ffusion coeffiqient of aluminum has been 
determined in polycrystalline alumina over the range of 
1670 to 1905°C by Paladino and Kingery [44], and . lS 
represented by 
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(3) 
where Dis the self-diffusion coefficient of aluminum. 
D0 = 2 8 x 1 O -4 m 2/ sec . 
Q = 479±63 kJ/mol (. the activation energy). 
T is the absolute temperature. 
R is the gas constant. 
By assuming that the expression (3) can be 
extrapolated to lower te~peratures for the very high purity 
alumina, and using equations. (1) and (2), and setting 1 :% 
shrinkage caused by .neutron irradiation oh B-batch samples 
equal to 1 % shrinkage caused by sintering at 105D°C for 3 
hrs, we g·et: 
Where T1 is sintering temperature ( 1323 K). 
T2 is ambient temperature ( 4~3 K). 
t 1 is sintering time at T1 in seconds. 
t 2 is irradiation time at T2 in seconds. 
Dth is- diffusion coefficient under thermal 
equilibrium. 
( 4 ) 
K is neutron radiation enhancement of diffusivity. 
The subscript "th" means thermal equilibrium .. 
n = 0.33 or 0.49 depending on grai~-boundary 
diffusion or volume diffusion predominance. 
The enhancement of diffusivity under irradiation at 150°C 
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,, 
was calculated from Eq. (4) to be - 1040 • This value is not 
strongly dependent on the mechanism of initial stage 
sintering. A neutron radiation enhancement of diffusivity 
by a factor of 1020 in U02 has been observed by Marlowe 
[lJJ. Similarly an enhance~~nt by 1029 orders of magnitude 
was reported for self-diffusivity in silver· at 60°C [45]. 
When fast neutrons hit the materials a large number 
of displaced atoms ca1led "primary knock-on" are created, 
resulting in a hi.gh vacancy concentration in excess of 
thermodynamic concentration. But the question r~mains ~s to 
whether these defects are mobile at temperature about 
Fo 11 owing Brook, Y.ee and Kroger [ 4 o J the thermal 
concentration of Al interstitial in polycrystalline Al 203 in 
~ir can be repres~nted by 
3+ - . 27 -1·9.2kJ) [Al 1_ ]eq.-1.67x10 exp(---
RT 
( 5) 
where 192 kJ/mol - ~Hf is the activatiQn energy for the 
formation of Al interstitial. Often diffusion in crystal 
can be described by the following equatioh: 
( 6) 
where ~Hm is the activation energy for the migration of Al3+ 
under thermal equilibrium. Also, ~Hf= (2/S)E, where Eis 
the energy to form 2Al3+ plus 302- vacancies. 
Combining equations (3), (5) and (6) give 
D 12 3 2 K [ A 1 ~ + ] 13 2 3K 
. · th . . = 10 4 0 = 1 exp [ -·t:,.Hm 1 _ 1 )· J ( 7 l D~fK [Alr] 423K R ( 1323 423 
This gives 287 kJ/mol for the activation energy of 
migration of Al 3+. Such high activation energy implies that 
the mobility of Al interstitial under thermal equilibrium 
is almost negligible at 150~c. That . lS, we need an 
alternative explanation for the mobility of Al under 
irradiation. 
A variable activation energy £or diffusion at 
different temperature under irradiation has been observed 
Cu-Zn (Zn JO %) alloy [ 4 .6 J • Usually de.feet 
concentration under irradiation is almost temperature 
independent. Therefore, a variation of radi~tion. enhanced 
diffusion with temperature would arise from the temperature 
dependence of defect migration and annealing. This appears 
to be the case for diffusion in Cu-30 % Zn alloy where a 
variable activation energy for diffusion has been observed. 
Accordingly, based on the assumption that the concentration 
of Al i 3+ under irradiation at 150 ° C reaches the level of 
thermal concentration o.f [ Al?+J = 4xl0 13 cm- 3 at 1050°.C, the 
modified activation energy for the migration of Ali 3+ can 
be estimated by the e~pression 
D~23K [Al~+] ~23K ( m m) 1rr __ 1040__ 1 1rr [· t:,.Hirr-t::.Hth 423K] -- · exp ·- · . 
nii3K .[AlJ+] ~~3K RT (8) 
where. LlHmth = 287 kJ/mol .as calculated f·rom Eq. ·(7). The 
subscript "irr" means under irradiation. The calculation 
gives ~Hirrm = 9.8 kJ/ mol as the activation energy for the 
migration of Al i3+ at 150 ° C. According to Damask [ 2 9] this 
is a reasonable order of magnitude for LlHm when atoms are 
able to move at ambient temperature. The reason the 
activation energy for the migrat.ion of Ali 3+ would decrease 
.. during irradtation is not clear. In view of the above 
analysis, it is possible to understand that radiation 
induced sintering of Al 2o3 results from enhanced diffusion 
which is caused by the migration of Al interstitial at 
150°C and a much higher concentration of defects. 
3.1.5 Compressive strength 
It is expected that the . compressive strength of' 
compacts would increase as a result of sintering of 
pellets. The data of the compressive strength of alumina 
pellets under different treatments are shown in Table V! 
Note that irradiation increases the compressive strength 
of the. as-pressed pellet from 11 to 75 MPa, an 
~pproximately sevenfold increase. It is of interest that 
the heating of unirradiated sample to 1050°C for 3 hrs 
increases the strength to 73 MPa, which matches 75 MPa, 
with a deviation of 3 %. Although the data from compressive 
strength tests usually have large ~catter fot porous 
materials, the present result clearly verifies that neutron 
irradiation caused a change in internal structure at the 
same level as that caused by sintering at 1050°C for, 3 hrs. 
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Table V 
Compressive strength of alumina pellets after d.ifferent treatments 
Samples. (isostatically_ pressed at 345 Com2ressive MPa} 
· Strength. 
(MPa) 
Green 11.4 
B--batch I 72.2 
B-batch II 74.8 
As-pressed, heated at 900°C for 3 hrs 25.4 
AS-pressed, heated at 1050°C for "3 hrs 73.2 
As-pressed, heated at 1100°C .for 3 hrs 106.3 
3.1.6 Possible extrapolation of the results 
As described earl.ier, two processes simultaneously 
exist in crystals during irradiation, namely, the creation 
and the annihilation of defects. These opposing processes 
result in a steady-state concentration of defects in· excess 
of the th~rmodynamic concentration characteristic of the 
temperature in question. Note that the exposure time for 
B-batch II is twice that for B-batch I but the former shows 
a reduction in surface area only 3 % higher than the 
latter. Therefore, it is apparent that the effect of total 
dose on sintering saturates at high dose. This is similar 
to the observation in sintering that the sintering rate is 
high at short times but saturates at longer times. In view 
of this analysis, to ra.ise the level of radiation enhanced 
sintering, it is suggested that the increase of dose flux 
(fast) rather than total dose would be a major factor. It 
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is meaningful to calculate how high fast neutron dose flux 
is needed to attain higher dehsity in neutron irradiated 
alumina compact. Presumably, 93\ density can be gained in 
sintered alumina compact at 1500 °C for 3 hrs. The thermal 
concentration of Al interstitial at 1500°C is about 4Xl015 
cm-
3 
r which is 100 times of that at 1050 ° C ( see Eq. ( 5)) . 
Let us extend the hypothesis resulting in the migration 
activation energy of 98 kJ /mol for Ali 3+ at 150°C, and 
assume that the rate of annihilation between interstitial 
atoms and vacancies also increases 100 times at io·o· times 
the concentration level of displ~ced atoms at higher dose 
neutron f·lux (fast). Then, one may project that neution 
irradiation with 10 16 to 10 17 n· cm-·2 · sec- 1 dose flux will 
cause the extent of sintering of alumina compacts to the 
same l:evel as that contributed by sintering at 1500 ° C for 
3 hrs. It presumably would ' give about 93 ~ 0 density. 
However, these assumptions would perhaps breakdown at the.se 
doses. 
It was observed that a large number of cavities form 
from vacancies produced by neutron irradiation at high fast 
dose level (5x10 19 - 4xlo 20 nvt) in bulk crystals [16]. This. 
level is much higher than the dose lev.el ( 6"x10 18 - 1. 2x10 19 
nvt) in our experiments. Presumably, the number of caviti~s 
in our .irradiated powder sample is small enough to neglect 
their ef feet on density. Thus, based on the present results 
it is difficult to -predict the needed dose flux (fast) to 
obtain highly dense alumina ceramics. Further experiments 
are needed to fully exploit the radiation enhanced 
sintering such as here. 
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3.2 M-BATCH SAMPLE 
In order to study the effects of neutron dose flux 
and subsequent annealing on partially sintered alumina 
compacts, specific surface area and volume shrinkage 
measurements were made on M-batch samples after the 
following successive treatments: (a) annealing at 1·00°c or 
1100°c for 3 hrs . prior to irradiation, ( b) then 
irradiating as described in Table II and, (c) finally 
re-annealing at 700°C or ll00°C for 3 hrs. Specific surface 
area measurement for loose powder was first made. This 
showed that loose powder, when irradiated at the reactor of 
the University of Missouri also shows the reduction of 
surface area by 7 % • Thus, it is confirmed that initial 
sintering processes started due to irradiation of the 
sample, al though the reduction of S is small.. This 1s 
consistent with the TEM micrographs (Fig. 3) of powd.ers 
irra~iated at Missouri. 
As for the variation of S/So and ~ V/V % for both 
samples as a function of pre- and post-annealing 
temperature, the results are shown in Fig. 4 and Fig. 5. In 
comparison with B-batch samples, M-bat~h samples have 
larger specific sdrface area than the as-pressed samples. 
Also they appear to have a- volume expansion rather than a 
volume contraction. rhus, there is an opposite effect in 
the samples irradiated at the Missouri reactor. 
If all of the assumptions adopted in analysis for 
B-batch samples are retained, the calculations ~how that 
the fast dose flux of 5xlo 12 n· cm~ 2 sec- 1 at the Missouri 
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reactor would cause the extent of sintering up to the level 
equal to that caused by heating to 700°C - 800°C for 3 hrs. 
That is, it would be a very small effect. The observed 
. 
expansion upon irradiation . lS, however, unexpected and 
suggests that there exists another mechanism which 1s 
opposite of the radiation enhanced sintering, and that it 
was dominant during irradiation at dose flux (fast) of 
sx10 12 n· cm-2 sec -1 at the Missouri reactor. 
-
Fig. 3. TEM micrograph of loose alumina powder irradiated 
at neutron (fast) dose flux 5. ox10 12 n· cm- 2 • sec- 1 for 140 hrs. Arrow indicates the neck. 
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The deleterious effects, e.g. macroscopid and la~tice 
parameter growth, cavities etc., of neutron irradiation on 
sitigle and polycrystalline Al 20 3 have been reported 
[16,17,19,20]. All of the fast neutron doses reported in 
the literature are of the order of 1020 nvt, which are 
larger than neutron dose ( about 10 1g) in ou~ experiment. 
Note that volume expansion on M-batch samples reach a level 
as high as 4.2 %, whereas maximum density change at dose of 
sx10 20 nvt was reported as 1 ~ o I . . 1.e~ approximately 1 ~ 0 
volume expansion [21]. It then appears that radiation 
induced damage is hot a major cause of vqlume expansion or 
of the increase of S of M-batch. samples. 
Consid~ring the interesting observations shown 1-n 
Fig.4 ~nd Fig.5, that specific surface area and volume of 
as-irradiated samples recover to the level of as-pressed 
and a.nnealed samples when re-heating at 100· 0 c or ll00°C for 
3 hrs, it is suggested that the expansion etfect on M-batch 
samples was contribu"t::ed by the "loosening" of as-pressed 
particles rather than by the breaking of the necks formed 
at pre-annealing. This suggestion is also supported by the 
fact that th~ volume expansion and the recovery of Son 
the samples pre-annealed at 700°c during irradiation are 
much larger than that on the samples pre-annealed at 
ll00°C. It m~y be that the loosening effect ts a result of 
the relaxati_on action of the stress exerted on close 
particles due to high thermal neutron dose of 4.0x10 19 nvt 
at the Missouri reactor. 
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CONCLUSIONS 
1. Fast neutron irradiation at dose flux of 8.sx10 14 n · cm- 2 
caused a shrinkage of about 1 ~ 0 in .as-pressed 
compacts of alumina powders at ambient temperature. This is 
comparable to the level of sintering at 1050°c· for· 3 hrs. 
2. Fast neutron dose flux rather than total fast neutron 
dose appears to play a major role in radiation induced 
sintering of ceramics. In contrast, total theri.nal dose 
apparently causes a loosening effect in paitially sintered 
powder compacts-. 
3. Radiation enhanced diffusion appears to be the most 
likely mechanism of radiation induced sintering. 
Calculations show the obs~rved sintering to occur due to an 
enhancement of aluminum diffusion by almo$t forty orders of 
magnitude at ambient temperature (150 °C). 
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